3C-SiC nanocrystals (NCs) can be used as high-performance electrochemical cathodes for hydrogen production. However, it is difficult to obtain effective oxygen evolution from the materials as photoelectrochemical anodes due to high radiative recombination. Here, we make use of the surface autocatalytic effect (SAE) to design a composite photoelectrochemical anode which consists of ultrathin 3C-SiC NCs and ZnO nanowires deposited on both sides of a brass substrate. The ZnO nanowires serve as the hole providers. The photogenerated holes are derived under applied external bias to the 3C-SiC NCs. Aided by the SAE, enhanced oxygen production is achieved on the 3C-SiC NCs. Silicon carbide (SiC) has attracted much attention due to its unique chemical, physical, and mechanical properties. The existence of more than 200 polytypes makes SiC very popular as a substrate to fabricate advanced materials such as graphene.
Silicon carbide (SiC) has attracted much attention due to its unique chemical, physical, and mechanical properties. The existence of more than 200 polytypes makes SiC very popular as a substrate to fabricate advanced materials such as graphene. [1] [2] [3] [4] SiC is an promising alternative to Si in advanced electronics, 5, 6 optoelectronics, 7 and electromechanical devices. 8 SiC is also used in hydrogen storage, 9, 10 probes, 11 and other applications. Possessing the appropriate band edges, different forms of SiC can also serve as photoelectrochemical cathodes, [12] [13] [14] but the role of silicon carbide as an anode has not been explored as extensively. Ma et al. reported that negative photo-current was about 100 times higher than the positive one when a 3C-SiC film deposited on a p-type Si substrate served as the working electrode. 15 Porous SiC nanowire (NW) arrays were reported to deliver large photocurrents as photoanodes, 16 but the oxygen evolution ability was unclear as no related physical mechanism was provided. It is indeed harder to produce oxygen than hydrogen from SiC electrodes. Our previous work showed that ultrathin 3C-SiC nanocrystals (NCs) could dissociate adsorbed H 2 O molecules via a surface autocatalytic process which formed a complex consisting of −H and −OH fragments which reduced the activation barrier of H 2 O dissociation. 17 Additional experiments revealed that ultrathin 3C-SiC NCs possessed superior electrocatalytic activity in the hydrogen evolution reaction (HER) 12 via the Volmer-Heyrovsky mechanism, 18 implying that ultrathin 3C-SiC NCs might be used in the water oxidation reaction to produce oxygen. However, owing to high radiative recombination efficiency of 3C-SiC NCs, 17, 19 it is difficult for holes to be transported to the NC surface to break the Si-OH and O-H bonds in order to produce oxygen. Hence, introduction of holes from other nanostructures may be an effective way to enhance the oxygen evolution reaction (OER) and take advantage of the autocatalytic effect of 3C-SiC NCs.
Zinc oxide, a direct wide bandgap (3.37 eV) semiconductor with a large exciton binding energy (60 meV), is an important semiconductor having many unique properties and potential applications. 20, 21 In particular, one-dimensional nanostructures are attractive. 22 For instance, the high photoexcitation efficiency enables high-quality violet lasing. Various types of 1-D ZnO nanostructures have been synthesized and their properties have been investigated extensively. 23 Well-aligned 1-D ZnO nanowires (NWs) have been synthesized on some substrates such as insulating sapphire 24 or semiconducting Si 25, 26 with the assistance of a gold catalyst or ZnO seed layer. The poor conductivity of the substrate or ZnO buffer layer tends to limit the applications in electronics and optoelectronics. Direct and large-area growth of 1-D nanostructures on a conductive brass substrate has been conducted by chemical vapor deposition (CVD). 27 The brass substrate functions as both the Zn source and substrate and synthesis and assembly of the ZnO nanostructures is accomplished in one step. Moreover, good z E-mail: hkxlwu@nju.edu.cn adhesion and electrical connection between the nanostructures and conductive substrate are realized.
In this paper, a composite photoanode consisting of ultrathin 3C-SiC NCs and high-quality ZnO NWs deposited on both sides of a brass substrate is described and the corresponding OER is investigated. Since the bond energies of Si-OH, O-H, and Si-H are about 513.5, 513.1, and 391.9 kJ/mol, 28 respectively, the energy to produce oxygen is higher than that of hydrogen. ZnO NWs are employed here to provide the holes to make the water oxidation reaction on the 3C-SiC NCs more effectively. Polyamidoamine (PAMAM) is used to separate 3C-SiC NCs from impurities by electrochemical deposition 29 so as to produce a more effective Si-terminated surface to contact H 2 O molecules and consequently more efficient oxygen evolution.
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Experimental
Growth of ZnO nanowires on Brass Foil.-Commercial Brass foil (Cu 0.66 Zn 0.34 , 10 × 15 mm 2 ) was polished by sandpaper and then ultrasonically cleaned by acetone, ethanol, and deionized water sequentially. After drying in air, the brass foil was loaded onto a ceramic substrate in the center of a corundum tube inside a horizontal tube furnace. The quartz tube was evacuated to a pressure of 1 × 10
Pa by mechanical and turbomolecular pumps and then purged with Ar (99.99%) afterwards. The system was flushed with Ar and heated to 750
• C in 1 h, and then the Ar/O 2 (4%, O 2 ) mixture was introduced at a flow rate of 20 sccm into the tube as the reagent gas. The system was maintained at 1.0 Pa by a turbomolecular pump. After 2 h, the system was cooled to room temperature in Ar and a homogeneous white layer was formed on the substrate.
Preparation of the Electrodes.-The procedures to prepare the water suspension of ultrathin 3C-SiC NCs can be found elsewhere. 12 Briefly, about 6.0 g of 3C-SiC powders were etched by an etching solution composed of 15 mL of 65 wt% nitric acid (HNO 3 ) and 45 mL of 40 wt% hydrofluoric acid (HF) at 100
• C for 1 h. The solution was cooled and centrifuged at 8,000 rpm for 5 min to remove excess acid. The obtained powders were washed with deionized water, dried at 70
• C for several hours, added to 30 mL of deionized water, ultrasonically treated for about 60 min, and finally centrifuged at 8,000 rpm for 10 min. The supernatant contained 3C-SiC NCs was equilibrated with ammonia and centrifuged at 8,000 rpm for 5 min to obtain the neutral 3C-SiC NC suspension. 0.1 mL of the PAMAM solution (G4, 10 wt% in methanol, Sigma-Aldrich) was added to 25 mL of the neutral SiC NC suspension, followed by ultrasonic vibration for 1 h. After the ZnO brass substrate was placed in a home-made die with the back side exposed as the electrochemical cathode, 25 mL of the SiC NCs suspension with PAMAM was poured into the die. The home-made die made sure that only the exposed circular area (1.23 cm 2 ) contacted the suspension. The Pt anode was immersed in the suspension for electrochemical deposition at a deposition potential of 1 V for 10 min. The back side covered by SiC NCs was cleaned with deionized water and dried at room temperature. Insulating lacquer was painted on the undeposited part of the back side to prevent interference from the brass. The as-prepared electrode was designated as the SiC-PAMAMZnO electrode. The PAMAM-ZnO electrode was made by changing the electrochemical deposition suspension to PAMAM solution (0.04 wt% in deionized water) and SiC-PAMAM was made by changing the ZnO brass substrate to pure brass substrate. SiC (20 nm)-ZnO was made by coating 20 nm SiC (Alfa Aesar) on the back side of the ZnO brass substrate and drying the aqueous suspension containing 20 nm SiC with nafion 117 solution (Sigma-Aldrich). The ZnO electrode was made by painting insulating lacquer on the back side of the ZnO brass substrate. The Cu-ZnO electrode was produced by exposing a circular area (the same as the circular one of the home-made die) on the back side.
Characterization.-X-ray photoelectron spectroscopy (XPS) was performed on the K-Alpha spectrometer (Thermo Fisher Scientific Corporation, USA) with Al K α X-ray radiation at a analyzer pass energy of 50.0 eV. The resolution of the spectrometer was 0.1 eV. The X-ray diffraction (XRD) patterns were recorded on a XPERT diffractometer (Philips Corporation, Holland). The scanning electron microscope (SEM) images and energy dispersive X-ray spectra (EDS) were recorded by a Hitachi-3400N scanning electron microscope (Hitachi Corporation, Japan). Transmission electron microscopy (TEM) was performed on the FEI Titan 80-300. The UV-visible diffuse reflectance spectra were acquired on a UV-vis spectrophotometer (UV-2550, Shimadzu) at room temperature and converted to the absorption spectra according to the Kubelka-Munk relationship.
Photoelectrochemical Measurements.-The electrochemical measurements were performed at ∼25
• C in a three-electrode cell connected to a CHI 660D workstation (CH Instrument). The as-prepared electrodes were used as the working electrode whereas Ag/AgCl (3 mol /L KCl filled) and a platinum wire served as the reference and counter electrodes, respectively. A 0.1 mol L −1 potassium phosphate buffer (KPi) solution (pH = 7.0) was the electrolyte and a 500 W Xe lamp served as the light source in the photoelectrochemical measurements. The average light intensity of the used Xe lamp was 360 mW · cm 2 . As no filter was used during the experiments, the emission wavelengths of the Xe lamp are in the range of 250-1400 nm. The mechanism for water oxidation is also illustrated in Figure 1 . The holes and electrons are separated when the ZnO NWs are irradiated by light. The photoexcited electrons are transferred to the interior of the ZnO NWs while the holes accumulate on the surface. When water molecules contact the ZnO NWs at the appropriate position, oxygen molecules can be produced easily. When water molecules diffuse to the Si-terminated surface on the 3C-SiC NCs, they spontaneously split into two fragments (−H and −OH) bonded to two adjacent Si atoms (Si dimer). This surface autocatalytic effect on the 3C-SiC NCs reduces significantly the activation barrier for water dissociation. 17 When the holes provided by ZnO are transferred to the 3C-SiC NCs via the metal substrate, Si-OH and O-H bonds are broken and oxygen molecules accumulate.
Results and Discussion
The morphology of the ZnO NWs produced by CVD is depicted in Figure 2 in which dense arrays of highly oriented NWs can be observed. According to the cross-sectional SEM image (Figure 2b) , the length which is approximately 8 μm depends on the fabrication time and a low pressure is crucial to obtaining uniformly distributed ZnO NWs. If the pressure is not sufficiently low, adhesion between the ZnO NWs and substrate is inadequate and a film instead of NWs is formed. At a pressure of 1.0 Pa, good adhesion and electrical connection between ZnO NWs and conductive substrate can be accomplished. At a low pressure and proper temperature, a homogeneous yellow layer is formed on the substrate because the ZnO NWs layer is not thick enough to cover up the yellow color of the brass substrate (inset of Figure 2a ). The transmission electron microscopy (TEM) images in Figure 2c show that the NWs have diameters of 80 to 100 nm and the high-resolution TEM image (inset of Figure 2c) shows that ZnO NWs are single crystals with the <0001> growth direction. The SEM image of the ZnO NWs grown at 100 Pa is depicted in Supplementary  Figure S1 . The pattern is mussy and no well-aligned ZnO NWs can be found. The XRD patterns of Cu 0.66 Zn 0.34 foil before and after processing show the formation of ZnO, which are consistent with previous results (Supplementary Figure S2) . 27 Ultraviolet-visible (UV-vis) absorption spectra acquired from the NWs show that the band edge absorption is at 376 nm (3.3 eV) slightly expanding to the visible region. The high-resolution TEM images and size distribution of the 3C-SiC NCs can be found in our previous work. 12, 17 EDS and XPS are performed on the 3C-SiC NCs after electrochemical deposition and the results corroborate the existence of 3C-SiC NCs on the back side (Supplementary Figure S3 and Figure S4) . Figure 3a shows the linear sweep voltammetry curves obtained from both the SiC-PAMAM-ZnO electrode and pure ZnO electrode without 3C-SiC NCs on the back side. The dark current density of the SiC-PAMAM-ZnO electrode is slightly larger than that of the ZnO electrode and it can be attributed to the reduced resistivity with the back side in contact with water (inset of Figure 3a) . However, the dark current density is still too low to split water and no bubbles can be detected from both electrodes. When the front side covered by ZnO NWs is irradiated by light, the current densities increase substantially. As a result, a large amount of oxygen bubbles can be seen on the front side of the two electrodes. Oxygen bubbles can also be seen from the back side of SiC-PAMAM-ZnO electrode but there are no visible bubbles on the back side of the pure ZnO electrode. The difference between the photocurrent densities of the SiC-PAMAM-ZnO and ZnO electrodes is not obvious as the situation of the dark current densities. This is because the holes on 3C-SiC NCs are from the ZnO NWs. The totality of holes on both sides hardly changes under the two conditions. The current-time (I−t) plot of the SiC-PAMAM-ZnO electrode at +1.0 V versus Ag/AgCl (1.618 V vs RHE) is presented in Figure 3b . We can see that the photocurrent density decreases during the I−t measurement and becomes stable after about 5 min. Such stabilities can last for more than 24 h via our I−t measurements. The photocurrent decay is mainly due to the photocorrosion of the ZnO electrode. Bubbles can be clearly observed from both sides of the working electrode during the measurement. The amount of bubbles emitted from the ZnO side is much larger than that from the back side. The bubbles on the back side at different time during the amperometric I−t measurement are shown in the inset of Figure 3b . Considering the influence of the front side, it is hard to measure the amount of oxygen gas generated on the back side alone. We estimate that this amount of bubbles is about 5% of the whole bubbles, that is, 5% of the holes photogenerated in the ZnO NWs is transferred to the 3C-SiC NCs according to the reaction: 4OH − + 4h
Accordingly, the oxygen generation efficiency on the 3C-SiC side electrode is roughly estimated to be about 87%. Similar measurements are conducted on the PAMAM-ZnO electrode, Cu-ZnO electrode, and SiC (20 nm)-ZnO electrode. Bubbles can be clearly observed evolving from the ZnO side of the electrodes, but no bubble can be found on the back side (Supplementary Figure S5) . The results confirm that the surface autocatalytic effect of 3C-SiC NCs plays an important role in the enhanced water splitting reaction on the back side and the ZnO NWs provide the necessary holes to drive the reaction. The decrease in the photocurrent densities during the I−t measurement can be attributed to photocorrosion of the ZnO electrode, 30, 31 but no obvious change is observed from the SiC NCs after the I-t measurement (Supplementary Figure S4 and Figure S6 ). 17, 32 Band bending of the semiconductors at the junctions under illumination are shown in Figure 4 . The e − /h + pairs are created in the ZnO NWs upon illumination and the photogenerated holes move toward the n-ZnO/electrolyte interface to oxidize OH. At the same time, the electrons photogenerated in the ZnO NWs (the as-synthesized NWs are n-type due to oxygen vacancies) move away from the front surface due to the Schottky barrier at the interface with the electrolyte. There is a metal-semiconductor contact between the NWs and brass substrate in equilibrium. In the n-ZnO/brass structure, the band energy of n-ZnO shifts slightly upward but the band energy of brass remains the same. 33 Although this affects the electron transport to the brass substrate, the slight upward band bending is negligible compared to that of the n-ZnO/electrolyte interface. Most of the electrons can be transported to the brass and depleted under the bias. Similarly, the majority carriers (electrons) in the n-type 3C-SiC NCs also undergo a same process under an applied bias. Some holes will be transported to the back side of the brass via a surface immigration process due to the equipotentail surface of the brass substrate (a metal). Since the valence band of ZnO NWs has higher energy than that of 3C-SiC NC (Figure 4) , partial holes will transfer to 3C-SiC NCs to oxidize OH for oxygen evolution by self-catalysis. From the above mechanism, we can clearly see that no e − /h + recombination takes place in the interior of the brass substrate. At the stable stage, no e − /h + recombination occurs in the interior of the 3C-SiC NCs, too. Hence, partially photogenerated holes in the ZnO NWs can transfer to the 3C-SiC NC surface to produce oxygen evolution.
Conclusions
Ultrathin 3C-SiC NCs with the surface autocatalytic effect can be used as a photoanode to effectively split water to produce oxygen. Here, as the holes are provided by the ZnO NWs grown on a brass substrate by CVD and the back side of the brass substrate is electrochemically deposited with 3C-SiC NCs. Under light illumination, the holes photogenerated in the ZnO NWs are transported to the 3C-SiC NCs across the substrate. As a result, Si-OH and O-H bonds are broken and oxygen is produced. Such a mechanism can be applied to many other materials with the surface autocatalytic effect. In our present experiments, the ZnO NW side contacts with the electrolyte. If the ZnO side can be separated from the electrolyte with appropriate method, the SiC side can still gain the holes provided by ZnO. Once the improvement comes true, the stability of the electrode and the water oxygenation performance will increase obviously.
